The multifocal VEPs (mfVEPs) obtained from the right and left eyes are practically identical in shape and amplitude, however small differences in the implicit times (ITs) have been reported. We have analyzed the ITs in detail to show that they are dependent on the radial location of the stimulus in the visual field. The differences are large, up to 8.3 ms, near the horizontal meridian, and are probably due to differences in the distances of the nasal and temporal ganglion cell axons from the optic disc. The intraretinal conduction velocity of ganglion cell axons, determined by dividing the axonal length to the optic disc by the ITs, was 0.29 m/s at an eccentricity of 0.5-1.4°and 1.39 m/s at 8-12°.
Introduction
The multi-input technique, developed by Sutter and Tran (1992) , has been used to record multifocal visually evoked potentials (mfVEPs) from the cortex with the goal of using it as an objective perimetric method (Baseler & Sutter, 1997; Baseler, Sutter, Klein, & Carney, 1994; Graham, Klistorner, Grigg, & Billson, 2000; Hood & Greenstein, 2003; Hood et al., 2000; Klistorner, Graham, Grigg, & Billson, 1998; . However, there are limitations for its clinical use because of the very weak signal in some locations and the large inter-subject variability (Baseler et al., 1994) . To overcome these limitations, improvements in the electrode placements and/ or multiple recording channels have been tried (Baseler & Sutter, 1997; Hood & Greenstein, 2003; Hood et al., 2000 Hood et al., , 2002 Klistorner et al., 1998) . Because the mfVEPs elicited from stimulating each eye were practically identical in shape and amplitude, Hood et al. (2000) and Graham et al. (2000) recommended interocular comparisons as a way to overcome the large inter-subject variations. Although this interocular comparison can be used to evaluate differences in the amplitude, Hood et al. (2000) also noted small differences in the implicit times (ITs) for the two eyes in normal subjects. They suggested that the differences in the IT were caused by differences in the distances that the nasal and temporal non-myelinated ganglion cell axons travel to the disc.
In conventional flash and pattern VEPs, a delay in the IT of one eye or an interocular difference has been used effectively for diagnosing certain diseases. Thus, the differences in the ITs of the mfVEPs for the two eyes of normal subjects makes it difficult to use the ITs to evaluate differences in clinical cases.
The purpose of this study was to determine the spatial and temporal distribution of the ITs of the mfVEPs. The basis for the differences of the IT, and their effect on the clinical application of this technique are discussed.
Subjects and methods

Subjects
Five volunteers, three women (25, 28, and 29 years) and two men (28 and 41 years) with no visual abnormalities, served as subjects. The difference in refraction between the two eyes was less than 0.5 diopter. The tenets of the Declaration of Helsinki were followed, and informed consent was obtained.
Recordings
mfVEPs were recorded with a multifocal recording and analysis system (VERIS Science ver. 4.0: ElectroDiagnostic Imaging, San Mateo, CA). The recordings were performed under ordinary room light with the pupils not dilated. The stimulus consisted of a dartboard pattern with 60 stimulus sectors that was created on a monochrome CRT with a P4 (white) phosphor. The overall pattern stimulated the central 40°of the visual field (Fig. 1A) , and the size of the stimulus sectors were scaled with eccentricity based on estimates (Horton & Hoyt, 1991) of the linear cortical magnification in the human striate cortex (Baseler et al., 1994) . Each sector was made up of a 16-check checkerboard pattern (bright check: 200 cd/m 2 and dark check: <1 cd/m 2 ). The rate of the m-sequence was 75 frames/s, and each cycle had 2 15 À 1 steps of pseudorandom contrast reversals. There were 16 trials in one session, 8 with each eye in an RLLRRLLRRLLRRLLR pattern. The eye not being tested was occluded. The total net recording time for each eye was 58 0 15 00 . A camera/refractor (Electro-Diagnostic Imaging) was used to refract and monitor the eye position during the recordings.
The active electrode was placed 4 cm anterior to the inion and the reference electrode at the inion. The subject was grounded by an electrode on the right earlobe. The use of multiple recording channels has recently been reported to improve the signals (Hood & Greenstein, 2003; Hood et al., 2002; , however our amplifier did not support multiple channels so the single channel recording was applied. The signals were amplified (100,000·), bandpass filtered (1-100 Hz at half-amplitude), and digitized with a 1200 Hz sampling frequency. The first slice of the second order kernel of the mfVEPs was analyzed.
Analyses
The trace arrays of the mfVEPs recorded from stimulating the two eyes of a 41-year-old man are superimposed in Fig. 1B . To extract the differences in the IT between the two eyes and to quantify the reliability in each sector, we compared the responses with a scalar product method (see Appendix A and square of itself, A RMS-l ). The time maximizing A sp was extracted as a value of the difference in timing, T (ms). A positive T signified that the response of the left eye led the right eye, i.e., had a shorter IT, and a negative T indicated that the left followed the right. This assessment should be close to the cross-correlation method used in a previous study .
It should be noted that the extraction of differences in the IT will not be meaningful without a good match or congruence of the waveforms from the two eyes. In order to estimate the degree of congruence between the responses of the right eye and the T (ms)-shifted left eye, the maximized A sp was compared to the root mean square of the right eye, A RMS-r to obtain C orr , where C orr = maximized A sp /A RMS-r . If the C orr of the right eye and shifted left eyes coincided perfectly, the C orr would be 100%.
Results
The trace arrays of the mfVEPs elicited by stimulating each eye were almost identical for each subject (Fig. 1B) . The spatial distribution of T and C orr are placed next to each response ( Fig. 2A) in the array from the 41-year-old man shown in Fig. 1B . The C orr was more than 90% at 30 (23.0 ± 8.7: mean ± SD of the five subjects) of 60 locations, and more than 80% at 41 (38.4 ± 4.8) locations.
The correlation between the C orr and the amplitude (root mean square) of the responses of the right eye in all subjects are plotted in Fig. 3 . The C orr was related to the amplitude of the response. Because of the nature of mfVEPs (Baseler et al., 1994) , the real signal may be nearly zero at some locations where noise dominates the response and reduces the congruence between the two responses. Therefore, to obtain a more accurate topography of ITs, we excluded locations where the C orr was less than 80%. Fig. 2B shows a schematic of the topography of the interocular differences in ITs. This distribution of Ts demonstrated that the responses from the left eye led that of the right eye by several milliseconds when the stimulus was in the left visual field and was delayed equally when the stimulus was in the right visual field. The degree of delay was dependent mainly on the radial location of the stimulus in the visual field; the difference was small in sectors near the vertical meridian, and larger in sectors near the horizontal meridians by 6.7 ms. For different eccentricities, the differences were relatively constant. These characteristics were observed in all subjects (Fig. 4 : a 28-year-old man and 25-, 28-and 29-yearold women). The largest difference in the IT was 8.3 ms in these four subjects.
Discussion
Scalar product method and interocular congruence in waveform and amplitude
Our results demonstrated that the amplitudes and waveforms of the mfVEPs were congruent for the two eyes at 41 of 60 locations in the visual field, although the responses were very small in some locations (Fig.  1) . Because mfVEPs varied in amplitude and waveform at different loci, accurate evaluations were difficult. To overcome this problem, we used a scalar product method which provides an objective evaluation of congruence in the amplitude and waveform, and when the congruence was high, timing difference could be calculated more precisely. For an estimation of interocular congruence, we used an index of correspondence, C orr . Our results showed that the congruence was high at all locations where the amplitudes were large (Fig. 3) . These results support the findings by Hood et al. (2000) and Hood and Greenstein (2003) .
Nature of differences in implicit times
The properties of the differences in IT can be summarized; (1) the responses from the left eye are faster by several milliseconds when the stimulus was in the left visual field, (2) the differences in the ITs was smaller in sectors near the vertical meridian and larger near the horizontal meridian, and (3) the IT was not very different across the eccentricities. Hood et al. (2000) suggested that differences in the conduction time of the unmyelinated ganglion cell axons were the basis of the timing differences because the action potentials of the ganglion cells in the temporal retina must travel farther to the optic disc than those from comparable points on the nasal retina. Thus, signals from the temporal retina (nasal field) reach the cortex earlier than that from the nasal retina (temporal field). Therefore, in sectors near the vertical meridian, the distance to the optic disc is approximately the same for the two eyes, but in the horizontal meridian, the differences are large and result in larger differences in the ITs.
Conduction velocity of ganglion cell axons
The differences in ITs should not simply depend upon the differences in conduction distance, but also the relative velocity of conduction should also be a factor. Fig. 5 shows the estimated difference in fiber length for one eye versus the other versus the difference in timing between the two eyes. The stimulus geometry was superimposed on the schema of the distribution of retinal nerve fibers (Shields, 1987) and the distance between the center point of each stimulus sector and the center of optic disc on the schema was measured to estimate the differences in fiber length (Sutter & Bearse, 1999) . The points for each ring tend to fall along a straight line and the slope of this line provides an estimate of the conduction velocity. The fact that these straight lines have different slopes suggests that the conduction velocity changes with eccentricity. In fact, the estimated conduction velocity increased significantly with eccentricity, e.g., 0.29 m/s at 0.5-1.4°(ring 2) to 1.39 m/s at 8-12°(ring 5).
Intraretinal conduction velocities of the visual pathways have been calculated from data obtained from animal experiments, e.g., 0.6-5 m/s in cats (Hsiao, Watanabe, & Fukuda, 1984) , 0.45-1.2 m/s in Macaca mulatta (Ogden & Miller, 1966) , and 0.71-1.19 m/s in Macaca fuscata (Fukuda, Watanabe, Wakakuwa, Sawai, & Morigiwa, 1988) . In humans, Sutter and Bearse (1999) calculated the intraretinal conduction velocity to be 0.41 m/s at 2-5°and 1.21 m/s at 12.5-17.5°using optic nerve head components extracted from multifocal electroretinograms (mfERGs). Compared to these values, our calculation of the intraretinal conduction velocities from the mfVEPs in humans were slower in the central region and faster in the periphery. The agreement among these estimates is good considering the differences in the stimuli used and the variability inherent in the various measures and estimates.
Intraocular comparison of implicit times
The differences in the ITs disturb interocular comparisons of the ITs of mfVEPs. Because the ITs are very important in many optic nerve diseases, such as multiple sclerosis or optic neuritis, it is important to obtain accurate measurements of IT. The distribution of the differences in the ITs in normal subjects measured here may be useful when interocular comparisons of IT are needed. Plot of timing dissociation (T ms) as nasal-temporal asymmetry of the timing and the estimated fiber length on each concentric ring (1-6). Regression analysis was applied and the conduction velocity was calculated. This attempt is based on the assumption that intraretinal conduction distance solely caused the differences in the latency, and the conduction velocity is determined by the eccentricity of the stimulus. Fig. A1 . Scalar product method used to extract the differences in timing between the two eyes and to quantify the reliability in each sector.
